The hind-limb suspension is an established method to unload hind-limb muscles and is largely known to induce muscle fiber atrophy, especially in an antigravity slow soleus muscle. The ankle joints of rat are hyper-extended in response to hind-limb suspension, therefore, the soleus muscles are passively shortened and tension development is inhibited even when the active electromyogram (EMG) is present [1, 2] . The hind-limb unloading (HU) changes the myosin heavy chain (MHC) phenotypes and contractile properties in the rat soleus muscle toward the "fast" type [3] [4] [5] [6] . These responses are very similar to those observed after exposure to actual microgravity [1, [7] [8] [9] [10] [11] . Thus the functional properties of the soleus muscle seem to depend on the gravitational and/or weight-bearing conditions.
of the control level after HU and conversely increased to 165 and 175% of the control level after 2 and 4 weeks of reloading, respectively. The HSP72 content returned to the control level after 8 weeks of reloading. Thus our results showed that the expression of HSP72 was downregulated by HU and upregulated temporally over the level of the control during the reloading period, and they suggested that these down-and up-regulations of HSP72 may be related to many factors including mechanical stress or load applied to the muscle. [The Japanese Journal of Physiology 53: [281] [282] [283] [284] [285] [286] 2003] suggest that the expression of HSP72 is related to the nerve-induced activation and/or size of the muscle. However, it is unclear how the long-term of HU and the subsequent reloading affect the expression level of HSP72 in the rat soleus muscle. The purpose of the present study, therefore, is to clarify the time-course changes of HSP72 during the recovery period after prolonged HU. We hypothesize that the decreased HSP72 in rat soleus muscle during prolonged HU will recover to the level of age-matched sedentary control in accordance with the increase in the load added to the muscle or in the size of muscle/fibers during recovery period.
In the present study, we analyzed HSP72 in rat soleus muscle after 9 weeks of HU and 2, 4, and 8 weeks of reloading. We have previously reported the changes of fiber-type composition and MHC isoforms in rat soleus muscles after 4 weeks of HU and the subsequent 4 weeks of the reloading period [19] . Then more prolonged periods of 9 weeks of HU and ϳ8 weeks of reloading were set for the present study. We observed in the present study drastic changes (downand up-regulation) of HSP72 in the soleus muscle after HU and during reloading.
MATERIALS AND METHODS
Animal care and experimental design. All experimental and animal care procedures were conducted in accordance with the Committee on Animal Care and Use at Kumamoto University and followed the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences established by the Physiological Society of Japan. Seven-weekold male Wistar rats (Kyudo, Kumamoto, Japan) with an initial body weight of 214Ϯ1 g (meansϮSE) were used in this study. The rats were randomly divided into cage control (nϭ25) and HU (nϭ20) groups. Both groups were given solid food (CE-2, Nihon CLEA, Tokyo, Japan) and water ad libitum. The HU was performed by tail suspension for 9 weeks, in which period the rats were able to eat food and drink water freely by using their forelimbs. The soleus muscles of the control and HU groups were dissected under anesthesia with an injection of sodium pentobarbital (5 mg/100 g body weight, I.P.) before (only the control group) and immediately after HU, and at 2, 4, and 8 weeks of reloading periods (nϭ5 at each stage). The muscles were immediately frozen in liquid nitrogen and stored at Ϫ80°C until analyzed. Adrenal glands and thymus were also sampled and their wet weights were measured to estimate the stress level.
The muscles were homogenized with 10 vol of buffer containing 10 mM tris(hydroxymethyl)aminomethane, 10 mM NaCl, 0.1 mM EDTA, and 15 mM mercaptoethanol (pH 7.6). After centrifugation at 12,000ϫg for 20 min, the supernatants were boiled in sample buffer [20] for 2 min and an aliquot of sample proteins was then subjected to HSP analyses. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The HSP72 was separated by using 10% acrylamide separating and 4% stacking mini gels in the standard electrophoretic method [20] . The electrophoresis was continued at 30 mA (constant current/gel) for ϳ60 min until the dye front migrated to the bottom of the gel, at which time the gel was subjected immediately to Western blotting.
Western blotting. The gels were transferred to nitrocellulose sheets with a semi-dry blotting unit (FB-SDB-2020, Fisher Biotech, Fisher Scientific Japan, Tokyo, Japan) at 50 mA (constant current/gel) for 2 h. After the transfer, the blots were blocked with 5% non-fat milk in Tris buffered saline (TBS; 100 mM Tris-HCl and 0.9% NaCl) with 0.1% Tween-20 (TTBS) for 1 h at room temperature. After two washings in TTBS for 10 min each, the blots were incubated in the primary (anti-HSP70, SPA-810, StressGen, BC, Canada) and secondary (horseradish peroxidase conjugated anti-mouse IgG, A-9044, Sigma, St. Louis, MO, USA) antibodies diluted 1:1,000 in TTBS for 2 h at room temperature, respectively. They were then washed in TTBS and TBS for 15 min each and reacted for ϳ10 min with H 2 O 2 solution with 3,3-diamino benzidine (D5637, Sigma) as a substrate. Quantification of the HSP was performed by means of an NIH image system and the HSP72 content was expressed as the percentage of that in the age-matched control muscles.
Statistical analyses. All data were presented as meanϮSE. The differences between groups were determined with the use of a two-way ANOVA followed by Fisher's PLSD post hoc tests. All differences were assumed to be significant at pϽ0.05.
RESULTS

Body and muscle weights
During 9 weeks of HU, the body weights of both the control and the HU groups were increased, but the body weight of the HU group was 22% less than that of the age-matched control group at the end of 9 weeks of HU (Fig. 1A, pϽ0.05 ). During reloading, the body weights of both groups were gradually increased, but the body weight of the HU group was still lower (13-21%) than that of the control group at the end of 8 weeks of reloading ( pϽ0.05). Similarly, the absolute soleus weight was significantly lower (11-47%) in the HU group than in the control group throughout 8 weeks of the reloading period (Fig. 1B,  pϽ0 .05). Although the soleus weight relative to body weight was significantly lower (33%) in the HU group than in the control group at the end of 9 weeks of HU (Fig. 1C, pϽ0.05 ), the relative weights were similar in the control and HU-reloaded groups from 2 to 8 weeks of reloading. 
Adrenal and thymus weights
The time course changes in the mean total wet weights of adrenals sampled from both sides and thymus are shown in Table 1 . The absolute weight of adrenal in the control group was insignificantly increased during 9 weeks of HU, but the further growth was inhibited during the remaining 8 weeks of reloading. The mean weight of the HU-reloaded group 0, 2, and 4 weeks after the termination of HU was significantly greater than the pre-experiment control level (pϽ0.05). That of the HU-reloaded group in each stage during the reloading period was also greater than the respective age-matched control (pϾ0.05).
Adrenal weight relative to body weight in the control group tended to decrease following growth ( Table  1 , pϾ0.05). Its level at the end of the 17-week experiment was significantly lower than in the pre-experiment control group (pϽ0.05). The mean weight of the experimental group was even increased relative to the pre-experiment level (pϾ0.05) immediately after the termination of HU and was significantly greater than in the age-matched control (pϽ0.05). Although the weight of the HU group gradually decreased during the reloading period, the mean level was still greater than the age-matched control (pϾ0.05).
The weight of thymus in the control group decreased following the growth (Table 1) . Although the decrease in the absolute weight was not significant statistically (pϾ0.05), that in the relative weight (to body weight) was significant relative to the pre-suspension level, especially during the first 9 weeks (pϽ0.05). The decrease in the thymus weight, both absolute and relative, was further promoted by 9-week HU. The mean weight in the HU group was less than in the age-matched control group throughout the 8-week reloaded period (pϾ0.05). Figure 2A shows the representative expression patterns of HSP72 of the control and HU-reloaded soleus muscles. The HSP72 content in the HU soleus muscle drastically decreased to 38Ϯ7% of the control level after HU (Fig. 2B, 0 weeks of reloading, pϽ0.05) . Conversely, the HSP72 increased excessively at 2 and 4 weeks of reloading to 165Ϯ25 and 175Ϯ15% of the control level, respectively (pϽ0.05). The HSP72 content then returned to the age-matched control level at 8 weeks of reloading.
HSP72 expression
DISCUSSION
A significantly lower expression level of HSP72 in the slow soleus muscle was observed immediately after 9 weeks of HU in the present study. This phenomenon was associated with the decrease in both the absolute and relative weights of the soleus muscle. These results are in agreement with those observed after shortterm muscle inactivity in which HU was combined with tenotomy and/or denervation [18] . Surprisingly, the HSP72 level was significantly increased over the control level in response to 2 (165%) and 4 weeks (202%) of reloading following HU, at which time the absolute muscle weight was still lower than the control.
What are the mechanisms responsible for the enhancement of the HSP72 during reloading? Some possibilities could be considered for this enhancement. First, the enhancement of HSP72 is reported to be related to the increment of muscle mass [21] . Locke et al. [21] observed that the HSP72 content in the rat plantaris muscle was increased almost twofold and the muscle weight increased 58% after 4 weeks of functional overloading by the removal of the synergistic gastrocnemius muscle. Moreover, HSP72 has been reported to bind to newly synthesized polypeptides [22] . The increase in the muscle mass may be involved in the synthesis of polypeptides, which then also cause the increment of HSP72 content. In the present study, the absolute weight of the HU soleus muscle increased 83 and 9% during 0 to 2 weeks and 2 to 4 weeks of reloading, respectively (Fig. 1B) and the relative soleus weight returned to the control level within 2 weeks after HU (Fig. 1C) . Combined, the increase in the muscle mass seems to be one factor that enhances the HSP72 content.
The second possibility is that the content of HSP72 seems to be related to the number or the percentage of muscle fibers expressing a slow-type I MHC isoform [21, 23] . Locke et al. [21] reported that the changes of HSP72 content were parallel with those of type I MHC isoform in rat plantaris muscle. Generally the MHC profiles of the soleus muscle are shifted by HU from slow-type I to fast-type II [4, 5, 19, 24, 25] . In contrast, these changes are reversed during reloading after HU [19] . For instance, the percentage of slowtype I MHC fibers in the rat soleus muscle was decreased from 88.5 to 70.2% in response to 4 weeks of HU [19] . But the percentage of those fibers was recovered to the control level (98.4% of total MHC isoforms) 4 weeks after reloading [19] . Thus the downand up-regulation of HSP72 observed in the present study seems to be rational consistent with the changes of type I fibers that were previously reported [19] . Actually the expression of HSP72 has been reported to be specific in slow-type I fibers [23] .
Another possibility is that the synthesis of HSP72 may be enhanced during reloading to protect protein degeneration and/or to repair the damaged proteins, as previously suggested [12] [13] [14] 26] . In fact, Krippendorf and Riley [27] and Vijayan et al. [28] have reported that the reloading of the rat hind-limb muscles after HU causes the muscle injury. It is therefore possible that HSP72 functions in skeletal muscles to protect protein degeneration and/or to repair the damaged proteins by enhancing its expression level during reloading after HU.
Stress applied to the muscle is possible to affect the expression of HSP72. The greater adrenal weight and lesser thymus weight relative to the age-matched control group observed in the present study suggest that the HU was stressful for the rats. The effects of HU on these organ weights were not normalized throughout the recovery period. Thus it is suggested that the down-and up-regulation of HSP72 may not directly be influenced by whole body stress, which can be estimated by the weight of the adrenal and/or the thymus. However, the mechanical stress applied to the muscle could have significant influence on the expression of HSP72. Plantar-flexion of ankle joints, which is induced by HU, causes passive shortening of plantarflexors [1, 2] . The tension development measured by using a force transducer placed around the distal tendon is inhibited when the muscle is passively shortened during HU [1, 2] . It is suggested that the mechanical stress may be lowered during HU.
The activities of EMG during HU and ambulatory recovery were recorded in the soleus muscle of rat [29] . The mean integrated EMG activity at the end of 9 weeks of HU was ϳ80% less than the control level, which was recorded at quadruped rest on the floor (pϽ0.05) [29] . The soleus EMG was still inhibited when the previously suspended rats were returned to the floor [29] . However, its level was increased toward the control level after 1 week, even though the mean activity level was still less than that in the agematched control throughout 8 weeks of reloading (pϾ0.05) [29] . The elevation of EMG activity may indicate that the mechanical stress on soleus was increased in response to reloading. Thus the mechanical stress or load applied to the muscle may play a key role in the regulation of HSP72.
In conclusion, in the present study we observed a significant decrease of HSP72 in the rat soleus muscle after 9 weeks of HU. Conversely, an upregulation of HSP72 to more than the control level was observed temporally during 2 and 4 weeks of reloading after HU. Although many factors appear to be related to the down-and up-regulation of HSP72, the expression of HSP72 seems to be closely correlated with the changes of morphological and/or functional properties of rat skeletal muscles.
